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The o4 laminin subunit is a component of endothelial cell basement membranes. An antibody
(2A3) against the a4 laminin G domain stains focal contact-like structures in transformed and
primary microvascular endothelial cells (TrHBMECs and HMVECs, respectively), provided the
latter cells are activated with growth factors. The 2A3 antibody staining colocalizes with that
generated by av and 3 integrin antibodies and, consistent with this localization, TrTHBMECs and
HMVECs adhere to the a4 laminin subunit G domain in an avB3-integrin-dependent manner.
The avfp3 integrin/2A3 antibody positively stained focal contacts are recognized by vinculin
antibodies as well as by antibodies against plectin. Unusually, vimentin intermediate filaments, in
addition to microfilament bundles, interact with many of the av33 integrin-positive focal contacts.
We have investigated the function of a4-laminin and avB3-integrin, which are at the core of these
focal contacts, in cultured endothelial cells. Antibodies against these proteins inhibit branching
morphogenesis of TTHBMECs and HMVECs in vitro, as well as their ability to repopulate in vitro
wounds. Thus, we have characterized an endothelial cell matrix adhesion, which shows complex
cytoskeletal interactions and whose assembly is regulated by growth factors. Our data indicate
that this adhesion structure may play a role in angiogenesis.

INTRODUCTION

In cultured cells, the focal contact or focal adhesion is a

tracellular matrix and the actin-based cytoskeleton system of
a cell (Hynes, 1992).

region of close interaction between cells and the matrix on
their substrate (Dogic et al., 1999). Focal contacts are dy-
namic structures that show motility even in stationary cells
and are the conduits of signals from the matrix to the cyto-
plasm of the cell and vice versa (Howe et al., 1998; Smilenov
et al., 1999; Zamir et al., 2000). Microfilament bundles asso-
ciate indirectly with the cytoplasmic domains of matrix re-
ceptors of the integrin family that are enriched in focal
contacts (Simon and Burridge, 1994; Dogic et al., 1999). The
extracellular domains of integrins bind matrix elements such
as fibronectin, vitronectin, and laminin in the connective
tissue, thereby providing a structural link between the ex-
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Abbreviations used: bFGF, basic fibroblast growth factor; G-
domain, globular domain; HMVEC, human microvascular en-
dothelial cell; Ig, immunoglobulin; PBS, phosphate-buffered sa-
line; TrTHBMEC, transformed human bone marrow endothelial
cell; VMA, vimentin-associated matrix adhesion.
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In fibroblasts at least two types of matrix adhesions have
been identified (Zamir ef al., 1999, 2000; Katz et al., 2000).
These can be distinguished by their molecular composition
and distribution. The classic focal contact tends to be located
at the periphery of the cell and is enriched in such proteins
as vinculin and paxillin. On the other hand, so-called fibril-
lar adhesions tend to be concentrated toward the center of
the cells and contain little if any paxillin and vinculin, while
being rich in tensin. Both the focal contact and fibrillar
adhesion are associated with the microfilament cytoskele-
ton.

In addition to focal contacts and, possibly, fibrillar adhe-
sions, certain epithelial cells utilize a structurally distinct
matrix adhesive device called a hemidesmosome to interact
with the connective tissue (Jones ef al., 1998). Like a focal
contact, each hemidesmosome contains an integrin, namely,
the a6B4 heterodimer, and is involved in both adhesion and
signal transduction (Mainiero et al., 1995; Jones et al., 1998).
However, the hemidesmosome is quite different from the
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focal contact in that it interacts with the keratin cytoskeleton
network and fails to show any obvious association with
microfilament bundles (Simon and Burridge, 1994; Jones et
al., 1998).

The hemidesmosome links epithelial cells to laminin in
the basement membrane. Specifically, the a6p4 integrin of
the hemidesmosome binds to the G-domain of the a3-sub-
unit of the laminin-5 heterotrimer (Spinardi et al., 1993;
Baker et al., 1996; Jones et al.,, 1998). Of all the laminin
a-chains so far identified, the a3-subunit is structurally clos-
est to the o4 laminin subunit in that they both contain a
“truncated” N-terminal “short arm” domain, containing a
single rod-like segment consisting of epidermal growth fac-
tor-like repeats. By comparison, the short arms of the a1, a2,
and a5 laminin subunits contain three globular subdomains
that are separated by rod-like segments (Ryan et al., 1994;
livanainen et al., 1995; Frieser et al., 1997; Miner et al., 1997;
Niimi et al., 1997; Aumailley and Smyth, 1998).

Whereas the o3 laminin subunit is synthesized primarily
by epithelial cells, the a4 laminin subunit is expressed in
endothelium, bone marrow, adipocytes, lung fibroblasts,
heart, lung, and skeletal muscle, smooth muscle, and dermis
(Livanainen et al., 1995; Liu and Mayne, 1996; Richards ef al.,
1996; Frieser et al., 1997; Miner et al., 1997; Niimi et al., 1997;
Pierce et al., 1998; Gu et al., 1999). Furthermore, the o4
laminin subunit is a component of laminin-8 and 9, hetero-
trimeric matrix molecules composed of a4-, Bl-, and vy1-
chains and a4-, B2-, and vyl-chains, respectively (Aumailley
and Smyth, 1998; Kortesmaa et al., 2000). The goal of this
study was to analyze the organization of the a4 laminin
subunit in endothelial extracellular matrix using a new
monoclonal antibody we developed. During the course of
our studies, we have identified a matrix adhesion site that,
like the hemidesmosome, associates with the intermediate
filament cytoskeleton. However, this site of adhesion also
possesses many of the characteristics of a focal contact in
that it is enriched in vinculin, associates with the microfila-
ment system, and is found predominantly at the periphery
of endothelial cells. We provide evidence for the role of this
matrix adhesion in dynamic processes, including those in-
volved in angiogenesis.

MATERIALS AND METHODS
Cell Lines

Human microvascular endothelial cells (HMVEC) were purchased
from Cascade Biologics (Portland, OR) and were maintained in
MED131 supplemented with microvascular growth supplement. In
some experiments, HMVECs were maintained in MED131 in the
absence of supplements for at least 24 h before use. To stimulate the
latter cells, basic fibroblast growth factor (bFGF, obtained from Life
Technologies-BRL, Gaithersburg, MD), was added directly to the
MED131 culture medium at a concentration of 5 ng/ml for at least
24 h. Immortalized human bone marrow endothelial cells (TrHB-
MEC) (Schweitzer et al., 1997) were maintained in DMEM contain-
ing a final concentration of 2 mM L-glutamine, 10% fetal bovine
serum, and 1X RPMI vitamins. These were obtained from Dr.
Denise Paulin (Universite Paris VII and Institut Pasteur, Paris,
France). SCC12 cells were maintained in culture as detailed else-
where (Goldfinger ef al., 1998).
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Figure1. An antibody termed 2A3, against the G-domain of the a4
laminin subunit, was characterized by Western immunoblotting
using SDS-PAGE preparations of whole cell extracts (WCE) (A) and
matrix (ECM) (B) of TrTHBMECs and HMVECs. In the Western blots
of the whole cell extract and the matrix preparations, 2A3 antibody
primarily reacts with a protein of an approximate molecular mass of
250 kDa. A polyclonal serum against the a4 laminin subunit recog-
nizes a similar sized polypeptide in these preparations. A monoclo-
nal antibody (RG13) against the a3 laminin subunit fails to recog-
nize any polypeptides in either the extract or matrix of either cell

type.

Antibodies and Actin Probe

The rabbit antisera against av-integrin (AB1930), B3-integrin
(AB1932), and the LM609 mouse monoclonal antibody against the
avB3-heterodimer (MAB1976Z) were purchased from Chemicon
International, Inc. (Temecula, CA). The monoclonal B1-blocking
antibody P4C10 was obtained from Life Technologies (Gaithers-
burg, MD) (Carter et al., 1990). RG13 antibody against the a3 laminin
subunit was described previously (Gonzales ef al., 1999). Mouse
monoclonal antibodies specific for plectin (clone 7A8), vimentin
(clone V9), and vinculin (clone hVIN-1) were purchased from Sigma
Chemical Co. (St. Louis, MO). The a4 laminin subunit rabbit anti-
serum was the kind gift of Dr. Jeffrey Miner (Washington Univer-
sity, St. Louis, MO).

Rhodamine-conjugated phalloidin was obtained from Molecular
Probes (Eugene, OR). Secondary antibodies conjugated to fluores-
cein, rhodamine, indodicarbocyanine (Cy5), and various sized gold
particles were purchased from Jackson ImmunoResearch Labs Inc.
(West Grove, PA).

Extracellular Matrix Proteins and Production of
Recombinant a4-Protein

Human fibronectin and mouse laminin-1 were purchased from
Collaborative Research (Bedford, MA) and Life Technologies-BRL,
respectively. An 833-base pair cDNA fragment encoding amino acid
residues 918-1213 of the G1/2 domains of the a4 laminin subunit
was generated from TrHBMEC ¢cDNA and subcloned into the pBAD
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Figure 2. TrHBMECs were processed for double-label immunofluorescence using a combination of antibodies against a4 laminin (2A3) and
av integrin subunit (A and B), the avf33 integrin complex and the av-subunit (D and E), vinculin and the av integrin subunit (G and H), and
plectin and the av integrin subunit (] and K). Cells were viewed by confocal microscopy. The focal plane is close to the substratum-attached
surface of the cells. C, F, I, and L are overlays of the fluorescence images. Bar in C, 10 um.
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Figure 3. TrHBMECs were maintained on glass coverslips until the cells reached confluence. Approximately 24 h later the cells were
processed for double-label immunofluorescence microscopy using an antibody against plectin (A) or 2A3 antibody against the a4 laminin
subunit (D) in combination with an antiserum against av-integrin (B and E). Cells were viewed by confocal microscopy. The focal plane is
close to the substratum-attached surface of the cells. C and F show the overlays of the fluorescence images. Arrows in A-C indicate areas of
focal contacts stained by av-antibodies in B that are not recognized by plectin antibodies in A. Rather, the plectin antibodies in A generate

a predominantly filamentous staining pattern. Bar in C, 20 wm.

TOPO TA expression vector (Invitrogen, Inc., San Diego, CA). This
vector was then transfected into the Escherichia coli strain LMG194
(Guzman et al., 1995). The His-tagged a4 laminin protein fragment
protein was induced in the cells by the addition of arabinose, and
the fragment was purified using column chromatography (Nova-
gen, Inc., Madison, WI). The purity of the recombinant polypeptide
was assessed by visualizing protein samples by SDS-PAGE and, after
transfer to nitrocellulose, using a His probe (Pierce, Rockford, IL).

Production of Monoclonal Antibody 2A3

To prepare an a4 laminin subunit antibody, the recombinant o4
laminin fragment was used to immunize BALB/C mice. Spleen cells
of immunized mice were fused to SP2 hybridoma cells according to
standard procedures (Harlow and Lane, 1988). Populations of fused
cells producing antibody against the o4 laminin fragment were
identified by Western blotting and then cloned three times by
limiting cell dilution. One of the cloned cell lines, termed 2A3,
produced an immunoglobulin (Ig) M class antibody. Desmos, Inc.
(San Diego, CA) prepared a 2A3 ascites fluid.

Endothelial Cell Adhesion Assays

Approximately 2 X 10° TrTHBMECs or 5 X 10* HMVECs were plated
onto uncoated or specific protein-coated wells of a 96-well plate
(Sarstedt, Newton, NC). After 90 or 120 min at 37°C, the cells were
washed extensively with phosphate-buffered saline (PBS) to remove
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nonadhering cells, and then adherent cells were fixed in 3.7% form-
aldehyde in PBS for 15 min at room temperature. The fixed cells
were incubated at room temperature with 0.5% crystal violet for 15
min and then solubilized with 1% SDS. As,, was measured with a
Vmax Plate reader (Molecular Devices, Menlo Park, CA).

Immunofluorescence

Endothelial cells were grown on glass coverslips and were fixed in
3.7% formaldehyde in PBS for 5 min and extracted in 0.5% Triton
X-100 in PBS for 10 min at 4°C to allow subsequent antibody
penetration. After extensive washing in PBS, the fixed and extracted
cells were incubated with primary antibodies, diluted in PBS, at
37°C in a humid chamber for at least 1 h, washed three times in PBS,
and then incubated with the appropriate mixture of fluorochrome-
conjugated secondary antibodies for an additional 1 h at 37°C.
Rhodamine-conjugated phalloidin was diluted in PBS and was in-
cubated with the fixed and extracted cells at 37°C for 1 h. Stained
specimens were viewed using an LSM510 laser scanning confocal
microscope (Zeiss Inc., Thornwood, NY).

Immunoelectron Microscopy

Endothelial cells, maintained on glass coverslips, were fixed for 15
min in 0.5% glutaraldehyde in PBS, extracted in 0.5% Triton X-100 in
PBS for 30 min at 4°C, washed in PBS, and then incubated for 15 min
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Figures 4 and 5.  HMVECs maintained in medium lacking growth factors (Figure 4) or medium supplemented with bFGF (Figure 5) were
processed for double labeling using a combination of antibodies against a4-laminin (2A3) and av integrin subunit (A and B), the av83
integrin complex and the av integrin subunit (D and E), vinculin and the av integrin subunit (G and H), and plectin and the av integrin
subunit (J and K). Cells were viewed by confocal microscopy. The focal plane is close to the substratum-attached surface of the cells. C, F,
I, and L are overlays of the fluorescence images. Bar in Figure 4C, 20 um. Bar in Figure 5C, 10 um.

Vol. 12, January 2001 89



Gongzales et al.

ov integrin overlay

nin

ov B3 integrin o4 lam

in

1

vincu

yé

plectin

Figure 5 (legend on previous page).

in 1 ug/ml NaBH, in PBS. A mixture of primary antibody was overlaid After washing, the cells were prepared for electron microscopy as
on the cells, which were then incubated overnight at 4°C. After thor- described elsewhere (Riddelle et al., 1992). Ultrathin sections were
ough washing, the cells on coverslips were incubated for 6 h at room viewed in a 100CX or 1220 JEOL electron microscope at 60 kV (JEOL
temperature in a mixture of gold-conjugated secondary antibodies. USA, Peabody, MA).
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Figure 6. TrHBMECs (A-C) and HMVECs (D-F) were processed for double-label immunofluorescence using a monoclonal antibody against
vimentin (green) in combination either with an antiserum against the av integrin subunit (red) (A, B, D, and E) or an antiserum against 33
integrin (red) (C and F). Overlays of the staining patterns are shown. In TrHBMECs some vimentin filament bundles can be seen to terminate
at av-integrin—containing focal contacts (arrow in A). The focal contact indicated by the arrowhead in B is shown at higher magnification in
the inset. Vimentin filaments appear to be wrapped around the focal contact. In HMVECs vimentin bundles are also seen in association with
av-integrin—containing focal contacts (arrowhead and arrows in D and E). The inset in D shows a higher power view of one focal contact
(arrowhead) in the HMVEC cell shown in D. Note that three individual vimentin filament bundles appear to terminate at the site of the focal
contact. Vimentin filaments and bundles also associate with focal contacts stained by 83 integrin antibodies in both TrHBMECs and HMVECs

(arrows in C and F). Bar in C, 5 um; bar in D (insets), 1 um.

Angiogenesis Assay

Matrigel was purchased from Collaborative Biomedical Products
(Bedford, MA) and coated as a thin gel onto the surface of the wells
of a 24-well tissue culture plate (Corning, Corning, NY) according to
the instructions of the supplier. Coated dishes were incubated at
37°C for 30 min before use. Approximately 6.25 X 10* cells were
plated on top of the Matrigel in each well. The cells were incubated
at 37°C for 18 h, fixed in 2% glutaraldehyde in PBS, and then
photographed.

In Vitro Scrape Wound/Migration Assay

Endothelial cells were grown to confluence in tissue culture-treated
six-well plates (Corning) and then wounded by scraping with a
pipette tip in a single stripe. The culture medium was then removed
and replaced with fresh medium. The wounded cultures were in-
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cubated at 37°C for 18 h, fixed in 2% glutaraldehyde in PBS, and
then photographed.

Protein Preparations, SDS-PAGE, and Western
Immunoblotting

Confluent cell cultures were solubilized in sample buffer consisting
of 8 M urea, 1% SDS in 10 mM Tris-HCL, pH 6.8, and 15% B-mer-
captoethanol. In the case of whole cell extract preparations, DNA
was sheared by sonication using a 50-W Ultrasonic Processor (Vi-
bracell Sonics and Materials, Inc., Danbury, CT) before SDS-PAGE.
Endothelial cell matrix was prepared according to the method of
Gospodarowicz (1984) with modifications detailed by Langhofer et
al. (1993). The matrix proteins were collected from the culture dish
by solubilization in the urea-SDS sample buffer. Proteins were sep-
arated by SDS-PAGE, transferred to nitrocellulose, and processed
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Figure 7. TrHBMECs were processed for triple-label fluorescence
microscopy using antibody probes against vimentin (green) and
av-integrin (blue), together with rhodamine-conjugated phalloidin
(red). The overlay of the three labels is shown. White color indicates
an overlap in the staining patterns (arrows). Bar, 5 um.

for immunoblotting as previously described (Laemmli 1970; Zack-
roff et al., 1984; Harlow and Lane, 1988; Klatte et al., 1989).

RESULTS

Preparation of an a4 Laminin Subunit Antibody
(2A3)

In this study we first determined the localization of the a4
laminin subunit in cultured endothelial cells. To do so, we
prepared a monoclonal antibody probe (2A3) against a re-
combinant G domain fragment (amino acid residues 918-
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Table 1. Quantification of vimentin/focal contact interactions

Cell line TrHBMECs® HMVECs?

% of B3-integrin—positive focal contacts 74.4% 67.6%
associated with vimentin

Number of focal contacts counted in 10 558 421
cells

% of av-integrin-positive focal contacts 73.5% 63.3%
associated with vimentin

Number of focal contacts counted in 10 245 308

cells

2 Cells were costained with vimentin and integrin antibody probes.

1213) of the a4 laminin subunit. This fragment includes both
the G1 and G2 subdomains of the a4-laminin. Antibody 2A3
recognizes a 250-kDa protein in whole cell extracts and
extracellular matrix derived from both transformed
(TrHBMEC) and primary (HMVEC) endothelial cells (Figure
1). A similar 250-kDa protein in these same preparations is
recognized by a rabbit antiserum against the a4 laminin
subunit (Figure 1) (Miner et al., 1997; Pierce et al., 1998). In
addition, the molecular weight of the 2A3 reactive protein is
consistent with the size of the o4 laminin subunit reported
by other groups (Frieser et al., 1997, Gu et al., 1999). In
contrast, antibodies against the a3 laminin subunit show no
reactivity with these protein preparations (Figure 1).

Immunofluorescence Analyses of Endothelial Cells

The distribution of the a4 laminin subunit in subconfluent
TrHBMEC cultures was determined by confocal immuno-
fluorescence microscopy. Antibody 2A3 stains in a focal
contact-like pattern along the substratum-attached surface
of the cells and codistributes with staining generated by a

Figure 8. TrHBMECs were processed for
double-label immunogold localization using
a mixture of mouse monoclonal antibodies
against vimentin and a rabbit antiserum
against B3-integrin. The binding of these
probes was visualized with 6-nm gold-conju-
gated goat anti-mouse IgG and 18-nm gold-
conjugated goat anti-rabbit IgG. Sections of
the cells were prepared either parallel (A) or
perpendicular (B and C) to their substratum-
attached surface. In A, linear arrays of 6-nm
gold particles arise from a cluster of 18-nm
gold particles. A second cluster of 18-nm gold
particles shows no association with the
smaller sized gold particles in A. In B and C,
strings of 6-nm particles interact with 18-nm
gold clusters along the basal surface of the
cells. Bar, 60 nm.

Molecular Biology of the Cell
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Figure 9. The TrHBMECs and HMVECs attach to a laminin o4-
fragment in an avp3-integrin-dependent manner. (A) TrHBMECs
were plated in a 96-well plate in uncoated wells, wells coated with the
a4 laminin subunit fragment, laminin-1 (LN), or fibronectin (FN) in the
presence or absence of antibody LM609 against avf33, antibody 2A3
against the a4 laminin subunit, P4C10 against the B1-integrin or control
IgG. TrHBMECs attach efficiently to the fragment, laminin-1, and to
fibronectin within 90 min after plating. Antibodies 2A3 and LM609
inhibit cell attachment to the a4 laminin fragment, whereas the same
antibodies do not inhibit cell attachment to fibronectin. P4C10 has a
minor inhibitory effect on attachment of TrTHBMECs to the o4 chain
fragment, whereas the same antibody significantly inhibits attachment
to laminin-1. (B) HMVECs were plated onto uncoated wells or wells
coated with the recombinant fragment in the presence or absence of
growth factors. The attachment of cells was assayed after 120 min.
Attachment of HMVECs to the o4 laminin fragment is stimulated by
growth factors but can be inhibited by antibody 2A3 and LM609.

polyclonal antiserum against av-integrin, a major cell sur-
face matrix receptor expressed by endothelial cells in vitro
and in vivo (Figure 2, A-C) (Brooks ef al., 1994-1995; Varner,
1997). In TrHBMECsS, av integrin antibody colocalizes with
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staining generated by probes against the av33 integrin com-
plex, the focal contact protein vinculin and plectin, and a
cytoskeleton cross-linking protein (Wiche et al., 1982; Wiche
1998) (Figure 2, D-F, G-I, and J-L, respectively). Thus, the
vinculin-positive, plectin-positive focal contacts in TrHB-
MECs are enriched in avf33 integrin heterodimers.

If the TTHBMECsS are grown to confluence, such that they
become contact inhibited, then little plectin is found along
sites of cell-substrate interaction (Figure 3A). Indeed, plectin
shows primarily a filamentous staining pattern throughout
the cytoplasm of the cells and does not localize extensively
with av-integrin (Figure 3, A-C). In contrast, antibodies
against av-integrin and the o4 laminin subunit, as well as
vinculin and the avp3 integrin complex (LM609) (Gonzales
and Jones, unpublished observations), codistribute in a focal
contact-staining pattern in populations of confluent TrHB-
MECs (Figure 3, D-F).

Little, if any, basal surface staining was detected in serum-
starved HMVECs processed for immunocytochemistry us-
ing antibody 2A3, an antiserum against av-integrin, anti-
bodies against the av33 integrin heterodimer, or antibodies
against plectin (Figure 4, A, B, D, E, H, ], and K). The plectin
antibody shows filamentous staining in the perinuclear cy-
toplasm of these cells (Figure 4]). In contrast, antibodies to
vinculin generate staining of small, but clearly defined, focal
contacts (Figure 4G). However, when serum-starved HM-
VECs were stimulated with 5 ng/ml bFGF for 24 h before
processing, 2A3, avB3-integrin, and vinculin antibodies
show obvious colocalization in focal contacts that are also
stained by av-antibodies (Figure 5, A-C, D-F, and G-I, re-
spectively). Furthermore, plectin codistributes with av-inte-
grin in focal contacts in the growth factor-stimulated
HMVECs (Figure 5, J-L).

Because plectin is known to link the intermediate fila-
ment cytoskeleton to the cell surface, we next looked at
the organization of the vimentin cytoskeleton systems in
subconfluent TTHBMECs and in HMVECs that had been
stimulated with bFGF. Vimentin bundles associate with a
large number of av-integrin and B3 integrin antibody-
stained focal contact structures in both cell types (Figure
6). Microfilament bundles also terminate on these vimen-
tin-associated focal contacts as shown in the triple-label
image where colocalized proteins appear white (Figure 7,
only an image of TrTHBMECs is shown).

There seem to be three distinct modes of interaction of
vimentin intermediate filaments with the av integrin sub-
unit antibody-stained focal contacts. In Figure 6A and the
inset in Figure 6D, vimentin bundles appear to terminate at
the site of focal contacts. In Figure 6B, vimentin bundles
often appear to wrap around or loop close to the av anti-
body-stained focal contacts. Finally, in Figure 6E a relatively
thick vimentin bundle appears to loop past three different
focal contacts. Vimentin bundles and filaments associate
with focal contacts stained by a 83 integrin antiserum in a
similar manner (Figure 6, C and F). Table 1 shows quantifi-
cation of the number of av and 3 integrin antibody-stained
focal contacts that show vimentin association in both
TrHBMECs and HMVECs as determined by double-labeling
studies. In both cell types, >60% of the av and 3 integrin-
positive plaques show interaction with the intermediate fil-
ament cytoskeleton.
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To provide further evidence that the vimentin cytoskel-
eton associates with focal contact proteins in endothelial
cells, TTHBMECs were processed for double-label immu-
nogold localization using antibody preparations against
B3-integrin and vimentin. Sections were prepared both en
face and perpendicular to the growth substratum (Figure
8A). In en face sections the 83 integrin subunit, visualized
with 18-nm gold particles, occurs in clusters along the
substratum-attached surface of the cells (Figure 8A). A
filament bundle, which is stained by vimentin antibodies
and visualized with 6-nm gold particles, shows associa-
tion with one of two B3 integrin aggregates in the cyto-
plasm (Figure 8A). This is consistent with the fluorescence
observations shown in Figure 6 (see also Table 1). In the
cross-sections of the cells shown in Figure 8, B and C,
6-nm gold particles are associated with clusters of 18-nm
gold particles concentrated along the substratum-attached
surface of the cells.
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Figure 10. TrHBMECs (A-C) and
HMVECs (D-F) were plated onto
Matrigel, and after 18 h were pho-
tographed. In A and D the cells
were maintained in the presence of
control IgG, and both cell types
show assembly into tube-like struc-
tures. This morphogenesis is inhib-
ited by LM609 antibodies against
avB3 (B and E) and antibody 2A3
against the a4 laminin chain (C and
F). Bar in D, 100 pwm.

Endothelial Cell Adhesion Assays

Because avp3-integrin colocalizes with a4-laminin in our en-
dothelial cell populations, we next assessed whether endothe-
lial cells bind the o4 laminin subunit in an av@3-integrin—
dependent manner. To do so, TrHBMECs and HMVECs were
plated in uncoated wells, in wells coated with the recombinant
a4 laminin G1/G2 fragment, in fibronectin-coated wells, or in
laminin-1-coated wells of culture plates. The proportion of
attached cells was determined after either 90 or 120 min of
incubation (Figure 9). In the case of HMVECs, the cells were
plated in the presence or absence of growth factors. TrHB-
MECs adhere much better to a surface coated with the o4
laminin fragment (Figure 9A). Attachment of TrHBMECs to
the a4 laminin subunit was significantly inhibited by the av33
integrin-blocking antibody LM609 (25 pg/ml) and by antibody
2A3 (1:40 dilution) (Figure 9A). To ensure that the LM609 and
2A3 antibodies were specifically inhibiting cell adhesion to the

Molecular Biology of the Cell
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Figure 11. Confluent monolayers
of TrTHBMECs (A-C) and HMVECs
(D-F) were wounded by scraping
with a pipette-man tip. The cultures
were allowed to recover for 18 h in
the presence of control IgG (A and
D), antibody LM609 against avf3-
integrin (B and E), and antibody
2A3 against the a4 laminin subunit
(C and F). The cells in A and D have
completely covered the wound site,
whereas in B, C, E, and F the
wound sites (w) are incompletely
closed (as indicated by the line). Bar
in D, 100 wm.

2A3

a4 laminin fragment, we determined their ability to perturb
TrHBMEC attachment to fibronectin. TrHBMEC adhesion to
fibronectin is not inhibited by either LM609 (Babic ef al., 1999)
or 2A3 antibodies (Figure 9A). TrHBMEC adhesion to the
a4-laminin-coated surface is decreased to a small degree by
the Bl-integrin-inhibitory antibody P4C10 (at 25 ug/ml) (Fig-
ure 9A). To confirm that P4C10 at this concentration inhibits
Bl-integrin in TrHBMECs, we plated TrHBMECs onto lami-
nin-1-coated surfaces in the presence of P4C10 (Figure 9A).
P4C10 antibody efficiently inhibits TrHBMEC adhesion to
laminin-1.

HMVECs show poor adhesion to uncoated and the o4
laminin fragment-coated surfaces after being maintained in
culture in the absence of growth factors for 24 h before
introduction into the adhesion assay (Figure 9B). To test the
impact of growth factors on attachment of HMVECs to the
a4 laminin fragment, HMVECs were growth factor stimu-
lated for 24 h before the adhesion assay. The growth factor-
stimulated cells show a significant increase in their capacity
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HMVEC

to attach to the a4 laminin fragment compared with un-
stimulated HMVECs. Furthermore, antibodies LM609 and
2A3 inhibit the attachment of stimulated HMVECsS to the a4
laminin fragment (Figure 9B).

As a control for these studies, we also assessed epithelial cell
attachment to the 4 laminin fragment. SCC12 keratinocytes show
no specific adherence to the a4 laminin fragment because they
adhere similarly to wells coated with the o4 laminin fragment as
to uncoated tissue culture plastic within 90 min after plating
(Gonzales and Jones, unpublished observations). Moreover, TrH-
BMECs show the same adherence to wells coated with control
His-tagged recombinant proteins as they do to uncoated wells
(Gonzales and Jones, unpublished observations).

Angiogenesis Assays

Because avB3-integrin is known to play an important role in
angiogenesis (Brooks ef al., 1994a, 1995; Ruoslahti and En-
gvall, 1997) and because we have observed a colocalization

95



Gonzales ef al.

A
TrHBMEC
120 -
S
7 100 -
k)
O 80
°
5 60
2
= 40
c
o
g 20
©
o
0 !
IgG Control LM609 2A3
Treatment
B
HMVEC
120 -
2
2 100
o
O 80 -
°
5
3 60-
2
e 40 -
]
5 20
a
0 ‘
IgG Control LM609 2A3
Treatment

Figure 12. The extent of wound closure in the experiments in
Figure 11 was quantitated. Wounds were photographed 0 and 18 h
after wounding. For each trial 40 measurements across the wound at
distances at least 100 um apart were made 18 h after wounding.
These measurements were used to determine the average wound
closure (average width of the wound at 0 h minus average width of
the wound at 18 h). This is presented as a percentage of the average
width of the wound at 0 h.

of the @4 laminin subunit and the av-integrin in our cultured
cell populations, we analyzed the possible function of the a4
laminin subunit in certain aspects of angiogenesis such as
branching morphogenesis and cell migration of endothelial
cells (Stromblad and Cheresh, 1996). We first used the Ma-
trigel morphogenesis assay (Grant et al., 1989). TrHBMECs
and HMVECs, the latter cells being stimulated with growth
factors for 24 h, were plated onto Matrigel. After 18 h of
incubation, even when cultured in the presence of control
IgG, both cell types organize into extensive tubular arrays
(Figure 10, A and D). However, when the endothelial cells
are plated onto Matrigel in the presence of either antibody
LM609 against the av3 integrin complex or 2A3 antibody
against the o4 laminin subunit, the formation of tubular
arrays is inhibited and, in the case of cells treated with 2A3
antibody, cells appear as spheroid aggregates (Figure 10, B
and E and C and F, respectively).

To test the role of the a4 laminin subunit in endothelial
cell motility, TTHBMECs and HMVECs were first grown
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to confluence. After in vitro “wounding” of the cell mono-
layers, the cell cultures were allowed to “heal” in the
presence of various antibodies or control IgG (Figure 11).
The cells incubated in control IgG migrate to cover the
wound site within 18 h (Figure 11, A and D). In contrast,
in wounded cultures, treated with either antibody 2A3 or
antibody LM609 against avB3-integrin, wound closure is
incomplete after the same time interval (Figures 11, B, C,
E, and F, and 12).

These wound-healing studies suggest that the matrix ad-
hesion structure composed of a plectin/avB3-integrin/ o4-
laminin complex may be involved in migration. To assess
this possibility we prepared wounded TrHBMEC cultures
for double-label immunofluorescence at a time when cells
are actively migrating into the wound site (at ~4 h post-
wounding). The av integrin subunit and plectin, as well as
a4-laminin (Gonzales and Jones, unpublished observations),
appear to be concentrated in focal contacts at the leading
edge of cells as they migrate over the wound site (Figure 13,
A-C). In addition, vimentin intermediate filaments are asso-
ciated with these focal contact-like structures (Figure 13, D
and inset).

DISCUSSION

An antibody that we have prepared against the a4 laminin
subunit antibody binds focal contact-like structures in trans-
formed and nontransformed endothelial cells in vitro. These
focal contacts are recognized also by antibodies against the
avP3 integrin heterodimer and vinculin. In addition, we
detected the cytoskeleton cross-linking protein plectin as a
cytoplasmic constituent of the structures, and we have dem-
onstrated that they constitute sites at the basal side of the
cells at which both microfilaments and, in many instances,
vimentin intermediate filaments appear to interact (Figure
14). For the latter reason we suggest the term vimentin-
associated matrix adhesions (VMAs) for these adhesion
sites. These may be comparable to the vimentin-associated
focal contacts demonstrated by Bershadsky et al. (1987) in
quail embryo fibroblasts. We assume that plectin mediates
the interaction of vimentin with these focal contact-like de-
vices, based on its known vimentin-binding properties, its
localization, and its function in linking other types of inter-
mediate filaments to the cell surface (Wiche ef al., 1982;
Steinbock and Wiche, 1999). Plectin, via its actin-binding
domain, may also facilitate microfilament-cell surface bind-
ing at the basal surface of endothelial cells (Elliot ef al., 1997).

The VMA bears some similarities in its molecular makeup
to classic or type I hemidesmosomes of stratified squamous
epithelial cells and type Il hemidesmosomes present in some
simple epithelial cell types (Hieda et al., 1992; Jones et al.,
1998). Both type I and type II hemidesmosomes and the
VMA contain an integrin (the a634 integrin heterodimer in
epithelial cells and the avB3-integrin in endothelial cells), a
truncated laminin isoform (laminin-5 and an «a4-containing
laminin isoform), and a plectin or plectin-related molecule
(HD1) through which they appear to associate with inter-
mediate filaments (Hieda et al., 1992; Jones et al., 1998). In
this regard, Homan et al. (1998) have also described a
hemidesmosome-like structure in cultured endothelial cells
in which plectin associates with the a684-integrin along sites
of cell-substrate interaction. However, the assembly of this
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Figure 13. A confluent monolayer of TrHBMECs
was wounded by scraping with a pipette-man tip.
The culture was allowed to recover for 4 h, at which
time cells had begun to migrate into the wound area.
The preparation was then processed for double-label
immunofluorescence microscopy using antibodies
against plectin (A) together with an antiserum
against av-integrin (B). Cells were viewed by confo-
cal microscopy. The focal plane is close to the sub-
stratum-attached surface of the cells. C is the overlay
of the two fluorescence images. Preparations were
also made of wounded cultures for double-label im-
munofluorescence using the antiserum against the
av-integrin (red) combined with a monoclonal vi-
mentin antibody (green). The overlay of the two
images is shown in D. Inset in D shows a higher
power view of several av-integrin positively stained
focal contacts with which vimentin interacts in a cell
that has migrated into the wound site (w). Bar in C,
20 pm; bar in D, inset, 3 pm.

structure was observed only in endothelial cells in which p4
integrin expression was induced artificially by molecular
means (Homan et al., 1998). Our results reveal that plectin is
found in association with matrix connectors in both primary
and transformed endothelial cells in tissue culture, without
any genetic modification of the cells and under conditions
where we have been unable to detect any expression of the
B4 integrin subunit (Gonzales and Jones, unpublished ob-
servations).

Despite the similarities, there are also structural and func-
tional differences between hemidesmosomes and the VMAs
of endothelial cells. Whereas hemidesmosomes in epithelial
cells associate exclusively with the keratin bundle networks
of epithelial cells, the VMAs interact with a different type of
intermediate filament protein as well as the microfilament
cytoskeleton network (Figure 14). Moreover, whereas the
hemidesmosome is considered to provide a stable anchorage
point, equivalent to a spot weld for nonmigrating epithelial
cells, the VMA in endothelial cells is assembled by actively
migrating cells and may be necessary to support motility.
Functionally, therefore, the VMA may be more closely re-
lated to the focal contact than the hemidesmosome. Indeed,
the VMA may be one of a growing number of members of a
cell-matrix adhesion site family that includes the classic focal
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contact, enriched in vinculin, a-actinin, paxillin, and focal
adhesion kinase, and fibrillar adhesions that contain tensin
but little or no vinculin and paxillin (Katz et al., 2000).

In the case of the primary endothelial cells, our data
indicate that the assembly of the VMA is induced by growth
factors. It has already been shown that surface expression of
avf3-integrin in endothelial cells can be regulated by
growth factors, and we have confirmed this here (Sepp et al.,
1994). Moreover, it is now widely accepted that, when an
integrin heterodimer couples to a growth factor receptor,
cytoplasmic effectors such as focal adhesion kinase and in-
tegrin-linked kinase initiate a signal cascade (Schaepfer and
Hunter, 1998; Dedhar et al., 1999). We speculate that in
endothelial cells one consequence of signaling mediated by
such cytoplasmic effectors is nucleation of assembly of the
VMA.

TrHBMECs and HMVECs adhere to a recombinant frag-
ment of the G-domain of the a4 laminin subunit in an
avp3-integrin—dependent manner. This suggests the possi-
bility that the o4 laminin subunit is a ligand for the avf3-
integrin. This is somewhat surprising because the av3-in-
tegrin binds to RGD tripeptide sites in its other known
ligands, including fibronectin, vitronectin, Cyr6l and
Fisp12, two immediate early gene products, and DELI, a
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Figure 14. This diagram shows the molecular components of the
VMA we have begun to characterize. The avp3-integrin associates
with a laminin subunit at the core of the structure. We speculate that
vimentin-type intermediate filaments interact with the VMA via an
association with plectin (Wiche et al., 1982; Steinbock et al., 2000).
Because plectin possesses an actin-binding motif, plectin, together
with focal contact proteins such as vinculin, may be involved in
mediating microfilament (MF) bundle-cell surface association (Elliot
et al., 1997). The protein that links vinculin to the av3-integrin may
be a-actinin (Simon and Burridge, 1994), whereas the identity of the
protein that links plectin to av33 is yet to be determined.

protein encoded by a unique developmentally regulated
endothelial cell locus (Hidai et al., 1998; Kireeva et al., 1998;
Babic et al., 1999). In contrast, our G domain fragment of
a4-laminin does not contain an RGD motif, and thus any
avB3-mediated cell adhesion to the laminin G domain o4-
fragment we have used in our assays must occur in a non-
RGD-dependent manner. Of course, we cannot entirely rule
out the possibility that the avpB3-integrin plays a role in
trans-activating another integrin in endothelial cells. In such
a scenario, the other integrin, rather than the oavp3-het-
erodimer, would mediate direct cell interaction with the a4
laminin fragment. Because an antibody that inhibits the 1
integrin subunit has only a marginal impact on endothelial
cell attachment to the o4 laminin subunit fragment, this
other integrin heterodimer does not contain a S1-subunit.
Matrix components and integrins are believed to play an
important role in formation of blood vessels (angiogenesis),
a process that occurs during normal development, during
wound repair, during the female reproductive cycle, and in
various diseases such as cancer (Brooks et al., 1994b; Ruo-
slahti and Engvall, 1997). These factors act by modulating
endothelial cell motility as well as enabling cells to aggre-
gate to form capillary structures. Our data indicate that the
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VMA may be involved in these phenomena because 2A3
antibody, against the a4 laminin subunit, and LM609 anti-
body, against the av3-integrin, both inhibit branching mor-
phogenesis of endothelial cells and delay healing of
wounded endothelial cell cultures in vitro. The idea that a
matrix adhesion device that binds to the intermediate fila-
ment network of endothelial cells is involved in dynamic
processes such as migration and tissue morphogenesis at
first would appear to be counterintuitive because interme-
diate filament-binding sites at the cell surface are considered
to play an essential role in stabilizing tissues. For example,
although certain hemidesmosome components, such as
BP230 (BPAGI1) and the a6B4 integrin heterodimer, may
play roles during migration, leading to wound healing and
metastasis, it is generally accepted that hemidesmosomes in
epithelial cells are stable substrate anchor points that are
present in contact-inhibited cells (Guo et al., 1995; Rabinovitz
and Mercurio, 1997). In contrast, the VMA is partially dis-
assembled in contact-inhibited, presumably quiescent cells.
Furthermore, whereas hemidesmosomes are disassembled
when cells undergo wound healing (migrate) or are acti-
vated by growth factors, the VMA in endothelial cells is
assembled under the same conditions (Mainiero ef al., 1995;
Goldfinger et al., 1998; Jones et al., 1998). Indeed, we see an
array of VMAs at the leading front of actively moving cells
repopulating a wound site. Because these are associated
with plectin and vimentin intermediate filaments, we sug-
gest that vimentin, through binding to a matrix adhesion site
via plectin, may play an active role in migration, a possibil-
ity proposed recently by others (Eckes et al., 2000). This idea
is consistent with recent reports that both vimentin-deficient
and plectin-deficient cells show impaired motility (Eckes et
al., 1998; Wiche, 1998).

One other aspect of our studies is quite intriguing. Plectin
shows a dramatic change in its localization in growth factor-
depleted endothelial cells and cells that are contact inhib-
ited. In such cells plectin shows association primarily with
the cytoplasmic network of vimentin. In sharp contrast,
when endothelial cell cultures are stimulated by growth
factor or wounding, the organization of plectin rapidly
changes. It becomes polarized to the substratum-attached
surface of the cell where it associates with the av3-integrin.
The dynamics of plectin localization in endothelial cells may
be regulated by the same sort of phosphorylation mecha-
nism that has been shown to control plectin binding to
different types of intermediate filament proteins (Foisner et
al., 1991; Wiche, 1998).

In summary, we have identified an endothelial cell-matrix
adhesion complex that shows heterogeneous cytoskeleton
association. This structure has at its core the avpB3-integrin
and the a4 laminin subunit. In addition, we have provided
in vitro data that support the possibility that the structure is
involved in regulating processes leading to angiogenesis,
including cell migration.
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